Abstract Among several applications of urban wastewater reuse, use of reclaimed wastewater to sustain stream flows has become attractive in the urban area. Since these rivers are used for recreational purposes and for restoring aquatic eco-system, the adequate control of residual chlorine is essential. Mathematical model for describing reactions between residual chlorine and organic matter in reclaimed wastewater has been developed. The model considers the effect of molecular weight distribution of organic matter on the reaction rate. Lab-scale experiments were performed to estimate reaction rates constants and to examine their temperature dependency. The experiments showed that 1) the smaller organic matter gave the larger reaction rate; 2) temperature effect on reaction rate was described by the Arrhenius formula; 3) decline of free chlorine had more temperature dependency than combined chlorine. The comparison of computed results with data from lab-scale experiments confirmed the validity of the model. We used the onedimensional dispersion model with proposed reaction model and examined the seasonal variation of residual chlorine profile along the river sustained by reclaimed wastewater in Sapporo. Simulation showed that seasonal variation of nitrification performance in secondary treatment as well as change in temperature caused seasonal variation in residual chlorine profile along the river.
Introduction
A wastewater reuse system includes treatment processes, storage and distribution facilities. To keep performance of the system, and to prevent the quality of reclaimed water from degenerating in the storage and transport system, it is important to control growth of bacteria in the system. This is achieved by deducing bio-degradable organic matter in reclaimed water and/or keeping residual chlorine in the system (U.S. EPA, 1992; Funamizu et al., 2000) . Among several applications of urban wastewater reuse, use of reclaimed wastewater to sustain stream flows has become attractive especially in the urban area where river flow cannot be supported by natural sources (Asano and Levine, 1998) . In Japan, large-volume reclaimed water is used for this environmental purpose and this application occupies about 32% of total wastewater reuse (Ogoshi et al., 2001) . Since these river systems are used for recreational purposes and for restoring aquatic eco-systems, the adequate control of residual chlorine is essential.
Decay reactions of residual chlorine occur in aqueous phase and on surfaces of pipe, channel and storage facilities (Dukan et al., 1996) . And mathematical models for simulating decline of residual chlorine have been proposed for drinking water distribution network (Dukan et al., 1996) and for reclaimed water transport system and rivers (Funamizu et al., 2003) . Decay of residual chlorine in aqueous phase occurs mainly by reaction between organic matter and chlorine, and this reaction has been modeled by the first-order kinetics, (Lyndon et al., 1998) . Since, in the first order kinetics formula, it is assumed that the reaction rate is proportional only to chlorine concentration, we require to adjust first-order reaction constant to corresponding variation of quality and quantity of organic matter in reclaimed water. The purposes of this paper are to develop a mathematical model for describing reactions between residual chlorine (free and combined chlorine) and organic matter in a reclaimed wastewater and to examine the temperature effect on decline rate of residual chlorine.
Materials and method

Mathematical model
In order to describe the effect of organic matter concentration on the disappearance rate of chlorine species, it is required to express the rate equation as a function of chlorine species and organic matter, and this can be done by using second-order kinetics. This second-order formula has been used for the oxidation reaction of chloramines and natural organic matter in drinking water (Qualls and Johnson, 1983; Jadas-Hecart et al., 1992) . To characterize organic matter in reclaimed water, we introduced four fractions of organic matter depending on their size and molecular weight: particulate organic matter M p ; dissolved large organic matter M L ; medium size organic matter M m ; and small organic matter M s . The molecular size distribution have been frequently applied for determining the effect of unit treatment processes in water and wastewater treatment plant (Tambo and Kamei, 1992) and Koechling et al. (1996) reported that the <1,000 molecular size fraction of natural organic matter is most reactive to chlorination. In this study, it is assumed that the reaction rate depends on molecular weight of organic matter, and we consider the following five reactions in the mathematical model: decay reaction with 1) M p ; 2) M L ; 3) M m ; and 4) M s as well as self-decay reaction. It is also assumed that the rate of decay reaction with organic matter increases as concentrations of chlorine and organic matter jointly and the rate of self decay varies in proportion to chlorine concentration. Finally we have obtained the following model:
• decay of chlorine species:
where C i is residual chlorine (free or combined); M s is small organic matter its molecular weight less than 3,000 Da; M m is medium size organic matter with its molecular weight 3,000-10,000 Da; M L is large organic matter with greater than 10,000 Da and less than 0.2 µm; M P is particulate organic matter; and k s, k m , k L , k P , k i are reaction rate constants.
• decay of reactive site in organic matter:
where F is fraction of reactive site to chlorine in organic matter.
In the model, temperature effect on reaction rate is described by the following Arrhenius type function:
where k j (T) is the reaction rate constant at temperature T (°C), θ (theta) is the simplified Arrhenius temperature coefficient. Solving Eqs (1)- (6) by adequate numerical calculation along with the information on molecular distribution of organic matter in reclaimed wastewater gives time course of decay of residual chlorine.
Lab-scale experiment
Lab-scale experiments were performed to estimate reaction rate constants and to confirm the model. We used the effluent of wastewater reclamation plant (secondary treatment + multilayer filter) for the experiments.
Experiment-1 for estimating rate constants.To estimate the rate constants in Eq. (1), we prepared the following sample and measured the time course of free chlorine or combined chlorine concentration. a) Experiment with pure water for estimating the self decay rate constant, k i . b) Experiment with the effluent from the plant without any pre-treatment. Data from this experiment and from Experiment c) gave the rate constants of reaction with particulate organic matter, k p . c) Experiment with filtrate of 0.2 µm PTFE membrane filter. The data from Experiments c) and d) gave the rate constant of reaction with large organic matter, k L . d) Experiment with filtrate of ultra-filter (10,000 Da). We estimated the value of k m by using data from Experiment d) and e). e) Experiment with the filtrate of ultra-filter (3,000 Da). These data gave the value of k s .
We performed the experiments a) to e) between 5°C and 30°C to examine the temperature dependency of the rate constants.
Experiment-2 for confirming the model. We performed two series of experiments. f) Experiment with pretreated samples by adding particulate organic matter (activated sludge). We examined the effect of suspended particle on decay of residual chlorine. g) Experiment with samples having different concentration of dissolved organic matter.
The samples were prepared by pre-treating the original effluent with vacuum evaporator.
Simulating decline process of chlorine from WWTP to artificial stream sustained by reclaimed wastewater Funamizu et al. (2002) proposed a simple mathematical model for describing the decline process of residual chlorine on the basis of one dimensional dispersion model with reactions in steady state:
where C i is concentration of chlorine species, u is flow velocity, and D is a diffusion coefficient of a open channel or a pipe section. R 1 is the chlorine disappearance rate in an aqueous phase and R 2 is the chlorine disappearance rate in a bio-film on a stream wall or a pipe surface. We applied the proposed model to the expression of R 1 in Eq. (7), and simulated residual chlorine profile along the river sustained by reclaimed wastewater in Sapporo, and examined seasonal variation in residual chlorine concentration profile. estimated rate constants yields the reasonable results. The model also gave the good results for experiments using combine chlorine. Figure 6 shows plots for obtaining the Arrhenius temperature coefficient of the reactions. It can be seen from Figure 6 that temperature dependency of rate constants can be described by Arrhenius type formula. The values of rate constant in Figure 6 become smaller in the order, k s , k m , k L , and this implies that small organic matter is most reactive to chlorine. The four Arrhenius plots (k s , k m , k L , k p ) for free chlorine in Figure 6 a) have nearly same slope, and slopes of each three plots (k m , k L , k p ) in Figure 6 b) also have same value. This means that the temperature dependency of reaction rate is not different among different sized organic matter. It is also seen that the values of slope in Figure 6 a) is greater than the slope of plots in Figure 6 b) for combined chlorine, and this implies that decay rate of free chlorine is more sensitive to temperature than that of combined chlorine. Figure 7 shows the comparison of simulated results with experimental data from Experiment f). The model can simulate the effect of particulate organic matter on decay of chlorine well. Figure 8 shows that the model can also describe the effect of dissolved organic matter on decay process obtained from Experiment g). It should be noted that 1) the computed results in Figures 7 and 8 were obtained by using fixed values of rate constants and by setting the initial concentrations of organic matter; and 2) If we used the first order kinetics for simulation, we required to adjust the reaction rate constants in each concentration. It is also seen from Figure 8 that combined chlorine required higher concen- tration of organic matter in order to change its decay profile than free chlorine, and this implies that combined chlorine is more stable in variation of organic matter content in reclaimed water than free chlorine.
Experiment-2.
Simulation of decline process of residual chlorine in a river sustained by reclaimed wastewater
The quality of reclaimed water in Sapporo system has seasonal variation in temperature and ammonium nitrogen concentration as shown in Figure 9 . This NH 4 -N variation reflects the seasonal variation in nitrification performance of secondary treatment train, that is, low temperature of sewage causes insufficient nitrification and spill of NH 4 -N in the effluent occurs in winter time from January to April. The injected chlorine reacts on this spilled NH 4 -N and combined chlorine is generated in reclaimed wastewater.
The one dimensional dispersion model (Eq. (7)) is applied to simulating the concentration profile of residual chlorine in Yasuharu River which is sustained by reclaimed wastewater. Figure 10 is the simulated results, showing that 1) we can keep high residual chlorine level in winter because of low temperature and low reactivity of combined chlorine, 2) on the other hand, decline of residual chlorine is remarkable in summer because of high temperature and high reaction rate of free chlorine. Figure 11 shows the seasonal variation of residual chlorine in reclaimed wastewater at 1.6 km and 2.0 km down stream points of the river. The lowest concentration of residual chlorine occurs in August when the recreational use in the river is most active. Simulation results suggest that Chlorine dose should be controlled on the basis of the nitrification performance of secondary treatment process as well as temperature.
Conclusion
A mathematical model for describing reactions between residual chlorine (free and combine chlorine) and organic matter in reclaimed wastewater has been developed. The model takes into account the effect of molecular weight distribution of organic matter on the reaction rate. Organic matter in reclaimed wastewater is classified into four groups in terms of its molecular weight, and the model includes the four reactions between classified organic matter and residual chlorine along with self decay reaction of chlorine. Lab-scale experiments were performed to estimate reaction rate constants in the model and to examine their temperature dependency. In the experiments, the effluent from a wastewater reclamation plant in Sapporo was filtered with different pore size ultra-filters and we prepared samples having a different molecular weight distribution. Decline process of residual free and combined chlorine was measured by using pre-conditioned sample and we obtained reaction rate constants. The results showed that: 1) the smaller organic matter gave the larger reaction rate constant; 2) the temperature effect on reaction rate was described by the Arrhenius type formula; 3) the decline of free chlorine had more temperature dependency than combined chlorine did. The comparison of computed results with data from lab-scale experiments using reclaimed wastewater of the municipal wastewater reclamation plant showed reasonable results and the validity of the model was confirmed. We applied the proposed model to the one dimensional dispersion model and examined the seasonal variation of residual chlorine profile along the river sustained by reclaimed wastewater in Sapporo. Simulation results showed that seasonal difference in nitrification performance of secondary treatment process as well as change in temperature caused seasonal variation in residual Free, 2.0km
Combined, 1.6km Combined, 2.0km Figure 11 Simulated seasonal variation of residual chlorine in Yasuharu River, Sapporo chlorine profile along the river. Since the lowest concentration of residual chlorine occurs in August, increase in chlorine dose in summer season is recommended to keep residual concentration in the river.
